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DISC DEVICE, CONTROLLING DEVICE
AND METHOD

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is based upon and claims the benefit of
priority from U.S. Provisional Application No. 62/043,191,
filed on Aug. 28, 2014; the entire contents of which are
incorporated herein by reference.

FIELD

Embodiments described herein relate generally to a disc
device, a controlling device and a method.

BACKGROUND

To improve accuracy of positioning a head to a target
position on the disc surface of a rotating disc, it is necessary
to suppress non-repeatable run-outs (NRRO) such as disc
flutters. The non-repeatable run-outs is disturbances erupt-
ing at a frequency that is asynchronous with rotation of the
disc (hereinafter, referred to as suppression target fre-
quency). As a method to suppress the non-repeatable run-
outs, there is a method to add a filter for removing the
non-repeatable run-outs (hereinafter, referred to as NRRO
suppression filter) to a feedback system.

However, according to the method to add the NRRO
suppression filter to the feedback system, the gain and phase
of a sensitivity function at frequencies around the suppres-
sion target frequency do not coincide with the gain and
phase of a sensitivity function without the NRRO suppres-
sion filter, whereby the accuracy of positioning the head may
not be improved.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram illustrating one example of a
hardware configuration of a disc drive according to a first
embodiment;

FIG. 2 is a diagram illustrating one example of a func-
tional configuration of the disc drive according to the first
embodiment;

FIGS. 3A and 3B are diagrams illustrating examples of
1/(1+B[z]) with changes in matching error ratio f§ [z];

FIGS. 4A and 4B are diagrams illustrating examples of
1/(1+B[z]) with changes in matching error { [z];

FIGS. 5A and 5B are diagrams illustrating examples of a
sensitivity function in a feedback system of the disc drive
according to the first embodiment; and

FIG. 6 is a diagram illustrating one example of a func-
tional configuration of a disc drive according to a second
embodiment.

DETAILED DESCRIPTION

In general, according to one embodiment, a disc device is
provided to include: a head for writing and reading data
relative to a disc; an actuator to move the head over a disc
surface of the disc; and a processor to include a comparison
unit to determine a position error between a control position
and a target position of the head to the disc surface; a
controller to output to the actuator an operation amount for
decreasing the position error; a first filter to output a first
signal for canceling out a first disturbance at a predeter-
mined frequency of the position error; a second filter to
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output a second signal which gain or phase of the first signal
are changed; and a correction unit to correct the operation
amount or the position error by using the second signal.

Exemplary embodiments of a disc device, a controlling
device and a method will be explained below in detail with
reference to the accompanying drawings. The present inven-
tion is not limited to the following embodiments.

First Embodiment

FIG. 1 is a block diagram illustrating one example of a
hardware configuration of a disc drive according to a first
embodiment. As illustrated in FIG. 1, the disc drive accord-
ing to the first embodiment (one example of a disc device)
has a disc 1 composed of a recording medium in which data
is recorded in a perpendicular magnetic recording system
(so-called perpendicular magnetic recording medium) and
the like, and a head 10 for recording data in the disc 1 in the
perpendicular magnetic recording system or the like.

The disc 1 is fixed to a spindle motor 2 and configured to
rotate. The head 10 is mounted on an actuator 3 and
configured to be movable in a radial direction of a disc
surface of the disc 1. The actuator 3 is rotated and driven by
a voice coil motor (VCM) 4 and moves the head 10 over the
disc surface of the disc 1. The head 10 has a write head for
writing data into the disc 1 and a read head for reading data
from the disc 1.

As illustrated in FIG. 1, the disc drive has a head amplifier
integrated circuit (hereinafter, referred to as head amplifier
1C) 11, a read/write channel (hereinafter, referred to as R‘'W
channel) 12, a hard disc controller (HDC) 13, and a central
processing unit (CPU) 14 as one example of a processor. In
the embodiment, the R/W channel 12, the HDC 13, and the
CPU 14 are incorporated into a one-chip integrated circuit
15.

The head amplifier IC 11 flows to the head 10 a write
signal (current) according to write data input from the R/'W
channel 12. The head amplifier IC 11 amplifies a read signal
output from the head 10 (data read from the disc 1 by the
head 10), and transmits the same to the R/W channel 12.

The R/W channel 12 is a signal processing circuit. In the
embodiment, the R/W channel 12 encodes (code-modulates)
the write data input from the HDC 13, and outputs the same
to the head amplifier IC 11. The R/W channel 12 also
decodes (code-demodulates) read data from the read signal
transmitted from the head amplifier IC 11, and outputs the
same to the HDC 13.

The HDC 13 is a communication interface that makes the
disc drive be communicable with a host system not illus-
trated (for example, a personal computer or the like). Spe-
cifically, the HDC 13 exchanges the write data and the read
data with the host system not illustrated.

The CPU 14 is a main controller of the disc drive, and
executes various control processes such as a control process
for reading or writing by the head 10, a servo control process
for controlling the position of the head 10 over the disc
surface of the disc 1, and the like. The CPU 14 executes the
various control processes by reading and executing pro-
grams stored in a storage medium such as a read only
memory (ROM).

FIG. 2 is a diagram illustrating one example of a func-
tional configuration of the disc drive according to the first
embodiment. As illustrated in FIG. 2, the disc drive accord-
ing to the embodiment has a feedback system 140 that
controls, by feedback control, the position of the head 10 at
execution of the servo control process.
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As illustrated in FIG. 2, the feedback system 140 has a
controller 141, a plant 142, a comparison unit 143, an NRRO
suppression filter 144 (one example of a first filter), a
matching filter 145 (one example of a second filter), a
subtraction unit 146, and an addition unit 147.

The comparison unit 143 determines a position error e[k]|
which is a difference between a control position y[k] and a
target position r[k] of the head 10 over the disc surface of the
disc 1. In the embodiment, the comparison unit 143 deter-
mines the position error e[k] by subtracting the control
position y[k] of the head 10 from the target position r[k]
according to a command input via the HDC 13 from a host
system not illustrated or the like.

The controller 141 is implemented by the CPU 14 and
expressed as a transfer function C[z]. The controller 141
receives input of the position error e[k] from the comparison
unit 143, and outputs to the plant 142 (actuator 3) an
operation amount for canceling out the input position error
e[k]. The plant 142 is the actuator 3 as one example of a
control target, and is expressed as a transfer function P[z].
The plant 142 is rotated and driven according to the opera-
tion amount output from the controller 141 and makes the
head 10 move on the disc surface of the disc 1 (one example
of a control target).

The NRRO suppression filter 144 estimates an non-
repeatable run-out (NRRO) disturbance d[k] (one example
of'a first disturbance) which is a disturbance of a suppression
target frequency w, (one example of a predetermined fre-
quency) asynchronous with rotation of the disc 1 (one
example of a motion cycle). Then, the NRRO suppression
filter 144 outputs an estimated disturbance signal ud[k] as
one example of a first signal for cancelling out the estimated
NRRO disturbance d[k]. In the embodiment, the NRRO
suppression filter 144 is configured to output the estimated
disturbance signal ud[k] for cancelling out the NRRO dis-
turbance d[k]. However, the NRRO suppression filter 144 is
not limited to this configuration as far as it outputs the
estimated disturbance signal ud[k] for cancelling out a
disturbance at a predetermined frequency included in the
position error e[k] determined by the comparison unit 143.
For example, the NRRO suppression filter 144 may be
configured to output the estimated disturbance signal ud[k]
for cancelling out a disturbance at a predetermined fre-
quency synchronous with rotation of the disc 1 included in
the position error e[k] determined by the comparison unit
143, for example.

In the embodiment, the NRRO suppression filter 144 is
expressed as a transfer function A'[z] that does not take into
account a gain o and a phase ¢ at the suppression target
frequency m, in a transfer function Tud (hereinafter, referred
to as first transfer function) from an NRRO suppression
signal u[k] described later to addition of the NRRO distur-
bance d[k], as indicated in the following equation (1). In
other words, the NRRO suppression filter 144 is expressed
as the transfer function A'[z] in which the gain o and the
phase ¢ are eliminated from the transfer function A[z] taking
into account the gain o and the phase ¢ at the suppression
target frequency w, in the first transfer function Tud[z], as
indicated in the following equation (2). That is, the NRRO
suppression filter 144 is expressed as the transfer function
A'[z] in which the gain o in the transfer function A[z] is 1
and the phase ¢ in the transfer function A[z] is 0 as follows:
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AL = o zz —nzcoswoT €8]
72 = 2nzcoswoT + 12

_ ko zzcosqﬁ —nzcos(woT + @)

Al o 72 - 2nzeoswoT + n?
B | Plz]
T+ PIC@) i
B Pzl
ool P[z]C(z)) oo
Plz] 2)
Tutlz] = T+ PIC@

where |, and 1 denote arbitrary constants, and T denotes a
sampling period.

The matching filter 145 outputs the NRRO suppression
signal u[k] that is one example of a second signal in which
the gain and phase of the estimated disturbance signal ud[k]
are changed. In the embodiment, the matching filter 145 is
expressed as a transfer function (hereinafter, referred to as
second transfer function) in which the gain and phase of the
estimated disturbance signal ud[k] are changed by the gain
and phase of inverse characteristics of the first transfer
function Tud[z]. That is, the matching filter 145 cancels
changes in the gain and phase of the NRRO suppression
signal u[k] by the gain a and the phase ¢ in the first transfer
function Tud[z] before addition of the NRRO disturbance
d[k].

In the embodiment, the matching filter 145 is connected
in series with the NRRO suppression filter 144. The match-
ing filter 145 is expressed as the second transfer function
F[z] which has inverse characteristics of the first transfer
function Tud[z], as indicated in the following equation (3):

®

According to circumstances, there is a case where the
matching filter 145 is not expressible as the second transfer
function F[z] indicated in the equation (3). In such cases, the
matching filter 145 outputs the NRRO suppression signal
u[k] in which the gain and phase of the estimated distur-
bance signal ud[k] at a frequency within a predetermined
range from the suppression target frequency m, are changed
to coincide with the gain and phase in the second transfer
function F[z]. The predetermined range here is a range of
frequencies at which fluctuations in a sensitivity function are
to be reduced with reference to the suppression target
frequency m,. In the embodiment, the predetermined range
is frequencies near the suppression target frequency .

For example, assuming that the predetermined range is
W, =W=0,, the matching filter 145 is expressed as a second
transfer function F[e’®?] with inverse characteristics of the
first transfer function Tud[z] in the predetermined range, as
indicated in the following equation (4):

1+ Ple®T|Cle*T] “)

Fle™ = Pl

, 0] =< Wy

The subtraction unit 146 is one example of a correction
unit that corrects the operation amount output from the
controller 141, based on the NRRO suppression signal u[k]
output from the matching filter 145. In the embodiment, the
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subtraction unit 146 subtracts the NRRO suppression signal
u[k] output from the matching filter 145, from the operation
amount output from the controller 141. Accordingly, even if
the NRRO disturbance d[k] is included in the control
position y[k] of the head 10 at the addition unit 147, it is
possible to suppress the NRRO disturbance d[k] included in
the control position y[k]. This allows improvement in the
positioning accuracy of the head 10 at execution of the servo
control process.

Next, descriptions will be given as to influence on the
sensitivity function in the feedback system by occurrence of
an error between the gain or phase of the matching filter 145
and the gain o or phase ¢ (for example, the gain . is 1 and
the phase ¢ is 0) of inverse characteristics of the first transfer
function Tud[z] (hereinafter, referred to as matching error).

First, a sensitivity function S[z] in a feedback system
(hereinafter, referred to as first reference feedback system)
in which the matching filter 145 is eliminated from the
feedback system 140 illustrated in FIG. 2 and the matching
effect only with the suppression target frequency w, is
included in the NRRO suppression filter 144 is expressed by
the following equation (5). The sensitivity function S[z]
includes L[z] that is a loop transfer function as indicated in
the following equation (5):

L[z] = P[z](Clz] + Alz]) 5
oL
[z]= T+ L]
o 1
~ 1+ P[zIClz] Plz]
U e

where A[z] is formed by including the matching effect only
with the suppression target frequency w, in the transfer
function A'[z] of the NRRO suppression filter 144 as
described above.

As indicated in the equation (5), the sensitivity function
S[z] in the first reference feedback system is formed by
multiplying the sensitivity function (1/(1+P[z]C[z])) in a
feedback system (hereinafter, referred to as second reference
feedback system) without the NRRO suppression filter 144
and the matching filter 145 by the influence term (1/(1+(P
[z)/(1+P[z]C[z]))A[z]) as a term in the NRRO suppression
filter 144. The influence term here is a term that takes into
account the influence of the NRRO suppression filter 144 on
the sensitivity function S[z] at the suppression target fre-
quency o, and frequencies around the suppression target
frequency w,. The influence term includes B[z] as (P[z]/(1+
P[z]C[z]))A[z] that is expressed by the following equation

(6):

Plz] Ho zzcosqﬁ —nzcos(woT + ¢) (6)

T1+PECl @ 2 - 2nzcoswoT + 172

= wofld] zzcosw[z] — nzeos(woT + ¢[z]) _

72 = 2nzcoswoT + 172

: Blz]

1+ P[z]C[z]
P[z]

=ef0T

) _ ( Plz] )
T+ PRICI e T+ PIICIE]

where p[z] denotes the ratio (hereinafter, referred to as
matching error ratio) of a matching error of gain of the
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matching filter 145 with reference to the gain o=1 of inverse
characteristic of the first transfer function Tud[z], and y[z]
denotes a matching error of phase of the matching filter 145
with reference to the phase ¢=0 of inverse characteristic of
the first transfer function Tud[z].

FIGS. 3A and 3B are diagrams illustrating examples of
1/(1+B[z]) with changes in the matching error ratio p[z]. In
FIG. 3A, the vertical axis indicates a gain in an influence
term and the horizontal axis indicates a frequency. In FIG.
3B, the vertical axis indicates a phase of the influence term
and the horizontal axis indicates a frequency. The influence
term is configured such that, when the matching error ratio
plz] changes from 0.5 to 1.5 as illustrated in FIG. 3A,
fluctuations in the phase of the influence term increase with
reference to the phase of the influence term with the match-
ing error ratio p[z] of 1, at frequencies (for example, 800 Hz
and 1200 Hz) around the suppression target frequency w,
(for example, 1000 Hz), as illustrated in FIG. 3B. This exerts
a larger influence on the sensitivity function S[z].

FIGS. 4A and 4B are diagrams illustrating examples of
1/(1+B[z]) with changes in the matching error y[z]. In FIG.
4 A, the vertical axis indicates a gain in an influence term and
the horizontal axis indicates a frequency. In FIG. 4B, the
vertical axis indicates a phase of the influence term and the
horizontal axis indicates a frequency. The influence term is
configured such that, when the matching error y[z] changes
from —40 to 40 degrees as illustrated in FIG. 4B, fluctuations
in the gain of the influence term increase with reference to
the gain of the influence term with the matching error 1[z]
of 0 degree, at frequencies (for example, 800 Hz and 1200
Hz) around the suppression target frequency w, (for
example, 1000 Hz), as illustrated in FIG. 4A. This exerts a
larger influence on the sensitivity function S[z].

Meanwhile, according to the feedback system 140 illus-
trated in FIG. 2, fluctuations in the sensitivity function of the
feedback system 140 can be suppressed by decreasing the
matching error with the use of the matching filter 145. This
further improves the positioning accuracy of the head 10 at
execution of the servo control process.

Accordingly, it is possible to prevent that fluctuations in
the sensitivity function at frequencies around the suppres-
sion target frequency w, of the feedback system 140 using
the NRRO suppression filter 144 and the matching filter 145
increase with reference to the sensitivity function of the
feedback system not using the NRRO suppression filter 144
and the matching filter 145. This further improves the
positioning accuracy of the head 10 at execution of the servo
control process. The fluctuations in the sensitivity function
here refer to the situation in which the gain and phase of the
sensitivity function in the feedback system 140 using the
NRRO suppression filter 144 and the matching filter 145 do
not coincide with the gain and phase of the sensitivity
function in the feedback system not using the NRRO sup-
pression filter 144 and the matching filter 145.

FIGS. 5A and 5B are diagrams illustrating examples of a
sensitivity function in a feedback system of the disc drive
according to the first embodiment. In FIG. 5A, the vertical
axis indicates a gain of the sensitivity function and the
horizontal axis indicates a frequency. In FIG. 5B, the vertical
axis indicates a phase of the sensitivity function and the
horizontal axis indicates a frequency. The gain and phase of
the sensitivity function in the first reference feedback system
are smaller than the gain and phase of the sensitivity
function in the second reference feedback system at the
suppression target frequency o, (for example, 1000 Hz), as
illustrated in FIGS. 5A and 5B. However, the sensitivity
function in the first reference feedback system has fluctua-
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tions at frequencies around the suppression target frequency
, (for example, 200 to 2000 Hz) relative to the sensitivity
function in the second reference feedback system, as illus-
trated in FIGS. 5A and 5B.

As compared to this, the sensitivity function in the feed-
back system 140 has fluctuations decreased at frequencies
around the suppression target frequency m, relative to the
sensitivity function in the second reference feedback system,
as illustrated in FIGS. 5A and 5B. This further improves the
positioning accuracy of the head 10 at execution of the servo
control process.

According to the first embodiment, the gain and phase of
the estimated disturbance signal ud[k] are changed by the
gain and phase of inverse characteristics of the first transfer
function Tud[z]. As a result, it is possible to obtain the
advantage of further improving the positioning accuracy of
the head 10 at execution of the servo control process.

Second Embodiment

A second embodiment is an example of correcting the
position error e[k] by using the NRRO suppression signal
u[k] output from the matching filter 145. Hereinafter,
descriptions of the similar configurations as those in the first
embodiment will be omitted.

FIG. 6 is a diagram illustrating one example of a func-
tional configuration of a disc drive according to the second
embodiment. A feedback system 600 of the disc drive
according to the embodiment has a subtractor 601 as one
example of a correction unit that corrects the position error
e[k] output from the comparison unit 143 based on the
NRRO suppression signal u[k] output from the matching
filter 145, as illustrated in FIG. 6.

In the embodiment, the subtractor 601 subtracts the
NRRO suppression signal u[k] output from the matching
filter 145, from the position error e[k| output from the
comparison unit 143. Accordingly, even if the NRRO dis-
turbance d[k] is included in the control position y[k] of the
head 10, it is possible to suppress the NRRO disturbance
d[k] included in the control position y[k]. This improves the
accuracy of servo control of the head 10.

The matching filter 145 also changes the gain and phase
of the estimated disturbance signal ud[k] by the gain and
phase of inverse characteristics of the first transfer function
Tud[z]. Accordingly, a matching error becomes smaller,
which makes it possible to prevent that fluctuations in the
sensitivity function at frequencies around the suppression
target frequency w, in the case of using the NRRO suppres-
sion filter 144 and the matching filter 145 become larger
with reference to the sensitivity function in the second
reference feedback system. This further improves the posi-
tioning accuracy of the head 10 at execution of the servo
control process.

In the second embodiment, the matching filter 145 is also
expressed as the second transfer function F[z] with inverse
characteristics of the first transfer function Tud[z], as indi-
cated in the following equation (7):

_ 1+ PI]Cl]

g o L PRICE] %
A= TPRICE

According to the second embodiment, the position error
e[k] can be corrected by using the NRRO suppression signal

10

15

20

25

30

40

45

50

55

60

65

8

u[k] output from the matching filter 145. As a result, the
same advantage as that in the first embodiment can be
obtained.

While certain embodiments have been described, these
embodiments have been presented by way of example only,
and are not intended to limit the scope of the inventions.
Indeed, the novel embodiments described herein may be
embodied in a variety of other forms; furthermore, various
omissions, substitutions and changes in the form of the
embodiments described herein may be made without depart-
ing from the spirit of the inventions. The accompanying
claims and their equivalents are intended to cover such
forms or modifications as would fall within the scope and
spirit of the inventions.

What is claimed is:

1. A disc device comprising:

a head for writing and reading data relative to a disc;

an actuator to move the head over a disc surface of the
disc; and

a processor to include

a comparison unit to determine a position error between
a control position and a target position of the head to
the disc surface;

a controller to output to the actuator an operation amount
for decreasing the position error;

a first filter to output a first signal for canceling out a first
disturbance at a predetermined frequency of the posi-
tion error;

a second filter to output a second signal which gain or
phase of the first signal are changed and being
expressed as a second transfer function in which the
gain or phase of the first signal are changed by gain or
phase of inverse characteristics of a first transfer func-
tion including the first disturbance; and

a correction unit to correct the operation amount or the
position error by using the second signal.

2. The disc device of claim 1, wherein the second filter
changes the gain or phase of the first signal by the gain or
phase of inverse characteristics of the first transfer function,
at frequencies within a predetermined range with reference
to the predetermined frequency.

3. The disc device of claim 2, wherein the first filter is
expressed as a transfer function A'[z] indicated in the
following equation:

2
7" —nzeoswy T
Al = g —o— 7
[e] = 4o 72 = 2nzcoswo T + n?

where 10 and n denote arbitrary constants, w, denotes the
predetermined frequency, and T denotes a sampling period.

4. The disc device of claim 3, wherein the second transfer
function is expressed by the following equation:

where P[z] denotes a transfer function of the actuator, and
C[z] denotes a transfer function of the controller.

5. The disc device of claim 3, wherein the second transfer
function is expressed by the following equation:

1+ Ple®TC[e*T]

Fle] = PleiT]

LW 0=y
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where P[e“7] denotes a transfer function of the actuator,
Cl[e/®T] denotes a transfer function of the controller, ,
denotes a frequency as lower limit of the predetermined
range, and w, denotes a frequency as upper limit of the
predetermined range.

6. A controlling device comprising:

a processor to include;

a comparison unit to determine a position error between
a control position and a target position of a control
target;

a controller to output to the control target an operation
amount for decreasing the position error;

a first filter to output a first signal for canceling out a first
disturbance at a predetermined frequency of the posi-
tion error;

a second filter to output a second signal which gain or
phase of the first signal are changed and to being
expressed as a second transfer function in which the
gain or phase of the first signal are changed by gain or
phase of inverse characteristics of a first transfer func-
tion including the first disturbance; and

a correction unit to correct the operation amount or the
position error by using the second signal.

7. The controlling device of claim 6, wherein the second
filter changes the gain or phase of the first signal by the gain
or phase of inverse characteristics of the first transfer func-
tion, at frequencies within a predetermined range with
reference to the predetermined frequency.

8. The controlling device of claim 7, wherein the first filter
is expressed as a transfer function A'[z] indicated in the
following equation:

zz —nzcoswo T

All7] = g R
la] = 4o 72 = 2nzeoswo T + n?

where 10 and n denote arbitrary constants, w, denotes the

predetermined frequency, and T denotes a sampling period.
9. The controlling device of claim 8, wherein the second

transfer function is expressed by the following equation:

where P[z] denotes a transfer function of the control target,
and C[z] denotes a transfer function of the controller.

10. The controlling device of claim 8, wherein the second
transfer function is expressed by the following equation:

1+ Pl

F[eij] PleieT]

lie

, 0] <= ()

where P[dwT] denotes a transfer function of the control
target, C[e’®7] denotes a transfer function of the controller,
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, denotes a frequency as lower limit of the predetermined
range, and w, denotes a frequency as upper limit of the
predetermined range.

11. A method comprising:

determining a position error between a control position

and target position of a control target;

outputting to the control target an operation amount for

decreasing the position error;

outputting a first signal for canceling out a first distur-

bance at a predetermined frequency of the position
error;

outputting a second signal which gain or phase of the first

signal are changed, the changing being expressed as a
second transtfer function in which the gain or phase of
the first signal are changed by gain or phase of inverse
characteristics of a first transfer function including the
first disturbance; and

correcting the operation amount or the position error by

using the second signal.

12. The method of claim 11, wherein the changing
changes the gain or phase of the first signal by the gain or
phase of inverse characteristics of the first transfer function,
at frequencies within a predetermined range with reference
to the predetermined frequency.

13. The method of claim 12, wherein the estimating is
expressed as a transfer function A'[z] indicated in the
following equation:

2
7" —nzeoswT
A'lz] = g R
[e] =0 72 = 2nzcoswoT + 172

where 10 and n denote arbitrary constants, w, denotes the
predetermined frequency, and T denotes a sampling period.

14. The method of claim 13, wherein the second transfer
function is expressed by the following equation:

where P[z] denotes a transfer function of the control target,
and C[z| denotes a transfer function of the controlling.

15. The method of claim 13, wherein the second transfer
function is expressed by the following equation:

1+ Ple®TC[e*T]

F[eij] = PleieT]

LW 0=y

where P[e’®7] denotes a transfer function of the control
target, C[e’*7] denotes a transfer function of the controlling,
, denotes a frequency as lower limit of the predetermined
range, and w, denotes a frequency as upper limit of the
predetermined range.
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